Cs riverbanks composed of soil weathered from tholeiitic basalt with low Ba and Co concentrations. Following a moderate rainfall event in September, high 7 Be sediment carried by the Hanalei River was probably mobilized by overland flow in the upper watershed. Ba-desorption in low-salinity coastal water limited its use to a qualitative runoff tracer in nearshore sediment.
Introduction
Runoff of nutrients, sediment, and contaminants from land is the largest source of pollution to marine waters and has harmful impacts on nearshore ecosystems (Fabricius, 2005; UNEP/GPA, 2006) . Shallow water communities such as coral reefs are particularly vulnerable to the effects of terrestrial runoff because they are close to land and are sensitive to changes in water quality (Jackson et al., 2001; Bellwood et al., 2004; Fabricius, 2005) . In coastal regions with coral reefs, population growth, coastal development, and reef exploitation are contributing factors in the observed decline in coral reef ecosystems worldwide (Gardner et al., 2003; McCulloch et al., 2003; Bellwood et al., 2004; Wilkinson, 2004; Pandolfi et al., 2005) . The Hawaiian Islands provide many examples of coral decline in regions with large population and impaired watersheds (Jokiel et al., 2004) . To reduce threats to its coral reefs, the state of Hawaii is working to reduce land-derived sediment and pollutant runoff.
This study explores whether geochemical and magnetic properties in nearshore trapped sediment can be used to identify source regions of eroded terrestrial sediment in the Hanalei watershed, and to trace its dispersal in coral reef-fringed Hanalei Bay, Kauai. The watershed is characterized by heavy precipitation, steep hill slopes, areas denuded of vegetation, cultivated farmland and a flood-prone river. An understanding of sediment erosion patterns will allow mitigation strategies to target regions or land-use practices that contribute to nearshore sedimentation.
We used select trace elements, atmospheric-fallout radioisotopes and magnetic properties to characterize, or fingerprint, nearshore and terrestrial sediment. Sediment trace element chemistry reflects the composition of the parent rock, chemical weathering, sorting during transport, and post-depositional diagenesis (McLennan et al., 1993) . Elements such as aluminum (Al), cobalt (Co) and thorium (Th) that are relatively immobile in rocks and sediment are the most useful provenance indicators because sediment concentrations are likely to be quantitatively related to the parent rock compositions (McLennan et al., 1990; Condie, 1993; Rollinson, 1993; Fralick and Kronberg, 1997) . Barium (Ba) is easily mobilized from parent rocks but it is strongly retained by secondary clays and so is relatively fixed during continental weathering (Nesbit et al., 1980) . Normalization of elemental concentrations by Al accounts for grain size effects and shows deviations from natural abundances which may be related to anthropogenic inputs . Magnetic iron oxide minerals originate primarily in igneous rocks and some soil. Magnetic properties may reflect sources and landscape settings of upland sediment because mineral types and magnetic domain sizes (magnetic grain sizes) vary among volcanic sediment representing differing magmatic composition and cooling as well as weathering history (Reynolds et al., 1990; Rosenbaum et al., 1991 Rosenbaum et al., , 1994 . The radioisotopes 7 Be (53-day half-life) and 137 Cs (30-year half-life) are present in the system largely from atmospheric deposition on terrestrial particles in the watershed. The presence of these isotopes in marine sediment reflects inputs of terrigenous material. Due to its short half-life, 7 Be occurs in soil or sediment that has been in contact with the atmosphere within about the last 9 months, or five half-lives. The unique input function of 137 Cs from nuclear weapons testing, which resulted in 137 Cs fallout that peaked in 1963 and has been negligible since (Garcia-Agudo, 1998) , identifies sediment or mixtures of sediment that were exposed to the atmosphere 40-60 years ago. 210 Pb (22-year halflife) has both atmospheric and marine sources (Rama et al., 1961) and contributes supporting information about sediment accumulation. Throughout this discussion, 210 Pb refers to excess 210 Pb, that is the amount in sediments in excess of the activity supported by parent isotope 222 Rn in the 238 U decay chain (Ivanovich et al., 1992) . 7 Be and 210 Pb are delivered to the land surface mainly by precipitation and become strongly bound to fine particles. Because precipitation patterns vary in space and time, atmospheric fluxes of 7 Be and 210 Pb may be highly variable within a study area. The 7 Be/ 210 Pb activity ratio, however, may be less variable than the individual isotope fluxes (Baskaran and Santschi, 1993; Koch et al., 1996; McNeary and Baskaran, 2003) , and furthermore is not affected by differences in the proportion of fine sediment among sites .
Study site
Kauai is the only main Hawaiian island where coral reefs have expanded significantly in the last 5 years (Jokiel et al., 2004) , and it is also among the least populous of the major islands. In northfacing Hanalei Bay (Fig. 1a) , coral cover has increased during the past decade, despite the fact that exposure to high wave energy in winter keeps total coral cover at only 15% (Brown and Friedlander, 2007) . Sediment and contaminant loading are concerns for the health of the coral reef community in Hanalei Bay because the Hanalei River often exceeds Federal water quality standards for turbidity and enterococcus bacteria set by US Environmental Protection Agency Section 303(d) of the Clean Water Act (EPA, 2008) . Furthermore, organochlorine pesticides, polycyclic aromatic hydrocarbons, and heavy metals have been detected in biota and sediment of the lower Hanalei River, but mostly below levels of concern (Orazio et al., 2007) .
Hanalei watershed and river characteristics
The 54.4 km 2 Hanalei watershed occupies a steep-sided valley eroded down into shield-stage tholeiitic lavas of the Waimea Canyon Basalt deposited 2-4 Ma (MacDonald et al., 1960; Clague and Dalrymple, 1988) . The east wall of Hanalei Valley was formed by postshield rejuvenated-stage Koloa lava flows (0.5-1.5 Ma) and consists of alkali basalt (Feigenson, 1984; Clague and Dalrymple, 1988; Reiners and Nelson, 1998) . In the upper watershed, mass wasting of weathered basalt and soil overland flow are associated with rainfall events (Calhoun and Fletcher, 1999) and are a major source of sediment to the Hanalei River. Denudation of vegetation and soil disturbance by wild pigs contribute to soil erosion (Smith and Hanson, 2007) . Mt. Waialeale, 1569 m above sea level, forms the headwaters of the Hanalei River. The river flows 25.2 km northward to the sea and is confined to the valley (upland) until about 11 km from the coast, where a broad floodplain begins 6 m above sea level (Calhoun and Fletcher, 1996) . Abandoned floodplains form terraces 3-8 m above the present river bed (Roesner, 2007) . The lower 5.6 km of the Hanalei River is estuarine and passes through the Hanalei National Wildlife Refuge, where taro crops are cultivated. During 1993 During -2006 , the median flow rate at a US Geological Survey (USGS) river gage 9.2 km upstream of the mouth of Hanalei River was 3.8 m 3 s
À1
, and the highest daily flow rate was 201.0 m 3 s À1 on November 3, 1995 (Tribble and Hill, 2007) .
Hanalei climate and oceanography
The majority of rainfall on Kauai is orographic and occurs in the upper watershed as humid air masses associated with northeast trade winds ascend the slopes of Mt. Waialeale and cool as they rise. The trade winds prevail for the majority of the year, which accounts for extremely high annual rainfall totals at the peak of Mt. Waialeale, 1010 cm year
À1
. In the lower watershed, precipitation varies seasonally. Winter rainfall maxima are caused by storms moving from the south or southwest. Annual rainfall is around 290 cm year À1 at 90 m elevation and 180 cm year À1 at sea level (MacDonald et al., 1960) . The water column of Hanalei Bay experiences two seasonal oceanographic regimes. Summers are relatively quiescent; significant wave heights are about 0.5 m at 4 s intervals . Surface water enters Hanalei Bay from the northeast, flows clockwise around the bay and exits to the northwest while currents near the bottom flow in the opposite direction . Land-derived sediment and pollutant inputs into Hanalei Bay may persist longer in summer than at other times of the year due to a lower flushing rate (Draut et al., 2006) . In winter, the North Pacific swell brings large waves from the northwest with wave heights from 2 to 5 m at 12-20 s periods (Moberly and Chamberlain, 1964) . Such energetic oceanographic conditions rapidly transport terrestrial runoff out of Hanalei Bay. The bottom sediment of Hanalei Bay is predominantly carbonate sand except in the bathymetric depression offshore of the river mouth called the Black Hole, which collects both carbonate and terrigenous mud and river debris .
A summer flood occurred on August 6-7, 2006 (Fig. 2) . River discharge increased from an average of 3 AE 1 m 3 s À1 (1s) during June and July to 46 m 3 s À1 during the flood, accompanied by an 8-fold increase in suspended sediment concentration. Salinity measured continuously at 3-m depth at the sediment trap site offshore of Hanalei River decreased from 34.9 to 33.6 during peak outflow (Storlazzi et al., 2008) . The 3-m sensor probably did not capture the full extent of the flood-related salinity decrease, however, because water column profiles of salinity show that the flood plume occurred in the uppermost 1-2 m of the water column (Storlazzi et al., 2008) . The mud content and 7 Be and 137 Cs activities in the bottom sediment of Hanalei Bay suggest that sediment deposition from flood plumes is limited to the eastern side of the bay (Cochran et al., 2007; Draut et al., 2009 ).
Methods
3.1. Sediment collection 3.1.1. Nearshore sediment traps Sediment traps were used to determine the relative quantity and composition of material settling through the water column in different regions of Hanalei Bay. A time-series trap designed for use in the deep ocean (McLane Research Laboratories, 1994) was modified for near-bottom shallow water deployment (Bothner et al., 2007) in order to collect material during and between sediment transport events caused by river floods or wave-induced sediment resuspension. It is important to note that in this setting, traps do not quantify net sediment accumulation or net chemical fluxes to the sea floor (Bothner et al., 2007) . This limitation is related to the frequency of sediment resuspension and to the unknown collection efficiency of traps in wave-induced oscillatory currents. Trap-collection efficiencies are difficult to quantify even in unidirectional currents in nature (Baker et al., 1988) and in flume studies (White, 1990) .
Tube traps and/or rotating time-series traps, were deployed at five sites in Hanalei Bay from June 6 to September 9, 2006 (Fig. 1a , Table 1 ). The tube traps were 30 cm-long, 6.7 cm-diameter clear polycarbonate tubes topped with a 5-cm thick ''honeycombed'' baffle to reduce turbulence and to prevent entry by large aquatic organisms. The openings of tube traps were 0.4 m above the seafloor. Tube trap material was subsampled by depth intervals, but in most cases composite values are used for each trap. The suffix '-T' denotes tube traps. Time-series traps have a 20 cm-diameter 75 cm-long cylinder-funnel collection apparatus that directs material into individual 500 ml polyethylene collection bottles on a 21-bottle rotating carousel. The tops of the time-series traps were 1.4 m above the sea floor and were also fitted with a 5 cm thick baffle. The carousel rotates at a programmable interval, here 4.5 days, so that the start and end date of sediment accumulation in each bottle is known precisely. Material in each rotating trap bottle was analyzed in bulk and represents a 4.5 day average. The exception was material in bottle 14 of Trap W (14W), which was subsampled at approximately 0-1, 1-5, 5-10, 10-15, and 15-20 cm intervals from top to bottom with plastic spoons. The dates of (Calhoun and Fletcher, 1996) . The interval for all other contour lines is 150 m. deposition of bottle 14W subsamples were estimated by linear interpolation. Preservatives were not added to sediment traps, so sediment microbial reduction-oxidation (redox) reactions could have altered redox-sensitive metal concentrations, such as manganese and iron, in sediment and overlying water. Time-series traps were deployed only at the sites 440 m west of the river mouth (Trap W) and 915 m southwest of the river mouth (Trap SC) (Fig. 1a) . All sediment traps were deployed at 10-m water depth, except trap IW-T, which was at 5-m depth.
Terrestrial soil, riverbank, and suspended sediment
Terrestrial soil and river sediment were collected along the lowermost w10 km of the Hanalei River and valley on September 12-13, 2006 (Fig. 1b, Table 1 ). The upper watershed was not accessible by road or river and was therefore not sampled. Sample locations targeted sedimentary environments that are potential sources of sediment to the Hanalei River: riverbanks, floodplains, cultivated taro fields and hill slopes of the Hanalei Valley. Terrestrial soil or sediment samples are prefixed by the letter 'M'. One sample of river suspended sediment was collected a few meters upstream of the highway bridge over the Hanalei River on September 6, 2006, following a modest storm when daily river discharge was 15.6 m 3 s
À1
. Approximately 75 l of near-surface river water and particles were collected in the river where the current was strong and turbulent. Whole-water samples were left undisturbed, covered and in the shade, to allow particles to settle. After 5 days, the overlying water was siphoned off. The remaining particles were operationally defined as river suspended sediment (RSS). Since this storm did not extensively over-top the river banks, the properties and provenance of the RSS may be somewhat different than RSS associated with the major flood of August 6-7.
Collection rate, grain size, organic carbon and carbonate analyses
Mass accumulation rates in sediment trap bottles were calculated from the dry weight of material and the cross sectional area of the trap mouth. Grain size, organic carbon and carbonate were measured in aliquots of select time-series and upland samples. Grain size distributions of nearshore and terrestrial sediment were measured in different ways. Nearshore sediment was wet-sieved through a 63 mm-mesh sieve with distilled water to separate sand Upstream of highway bridge and fine sediment. If gravel was visible, the sample was sieved through a 2 mm diameter-mesh sieve to separate it from sand. The sand and gravel fractions were dried and weighed individually. Fractional weights of silt and clay were measured on 1-2 ml of the <63 mm wet suspension in a coulter counter. Sediment grain size fractions are reported as percent of total weight (wt%). Terrestrial sediment particle size was determined as volume percentage using a laser-light scattering method capable of measuring particles between 0.05 and 3480 mm. Prior to analysis, organic matter was removed using 30% hydrogen peroxide, and sediment was disaggregated in a Na-hexametaphosphate solution.
The total organic carbon (TOC) content of dried and ground nearshore and terrestrial sediment and soil was measured using a Shimadzu CHNS/O elemental analyzer and is reported as percent of total weight (wt%). The accuracy of TOC analyses were determined by analyses of an estuarine sediment reference material (MESS-2) from the National Research Council of Canada. The average measured TOC value of MESS-2, 1.49 AE 0.17% (n ¼ 4) was within the range of literature values. Carbonate content (CaCO 3 ) was measured in a UIC Coulometrics coulometer with an acidification unit and reported as percent of total weight (wt%). The accuracy of CaCO 3 measurements was determined by analysis of reagent-grade calcite. Recoveries were >98% with a relative standard deviation of <1%. Uncertainties reported for average TOC and CaCO 3 values refer to AE1 standard deviation.
Elemental compositions
Contents of major (Na, Mg, Al, K, Ca, Ti, Mn, Fe) and trace (V, Cr, Co, Ni, Cu, Zn, Sr, Mo, Cd, Ba, Pb, Th, U) elements in rocks were measured on total digests of the sediment fine fraction (<63 mm). Between 2 and 5 g of wet sediment were dried overnight at 105 C, cooled in a desiccator and disaggregated with an agate mortar and pestle. The fine fraction was separated from about 1 g of dry sediment in stainless steel sieves. Sediment was digested according to Method 3052 of the U.S. Environmental Protection Agency (microwave assisted acid digestion of siliceous and organically based matrices). Sediment digests were evaporated to dryness on a hot plate to remove acids, then residues were reconstituted in 2% OptimaÔ-grade nitric acid containing a germanium internal standard. Sample solutions were analyzed on a high-resolution Element (Thermo Finnigan) inductively-coupled plasma mass spectrometer (ICP-MS) at the University of California at Santa Cruz. Element-count intensities were normalized by the internal standard to correct for changes in instrument sensitivity and matrix effects. Certified reference materials from the National Institute of Standards and Technology (1646a, 2702) and Canadian Certified Reference Materials Project (STDS-2, STDS-3) and procedural blanks were processed in the same manner as samples and analyzed every 20 samples during each ICP-MS run. Analytical uncertainties, estimated from the precision of reference material determinations, are about 5% for each element and 7% for element ratios. Uncertainties reported for average values refer to AE1 standard deviation.
When normalized to Al, most minor and trace elements showed no systematic variation in the sediment trap time-series (Li, K, Ti, V, Cr, Cd, U), were more closely related to marine carbonate (Mg, Ca, Sr) or seawater (Na), or may have been altered by redox processes (Mn, Fe, Mo) and will not be discussed further. Pb at 46.5 keV (Joshi, 1987) . The activities of 7 Be, 137 Cs, and excess 210 Pb were corrected for self-absorption using the method of Cutshall et al. (1983) and decay-corrected to the date of collection. Detector efficiency over the energy range 46.5-352 keV was determined using EPA standard pitchblende ore. The efficiency at 661.6 keV was determined using a liquid 137 Cs standard solution from Isotope Products Laboratory, and at 477.6 keV by interpolation between 352 and 661.6 keV. Standards were in the same geometry and height range as the samples. Measured activities of standard reference materials were accurate within 5% of certified values. Samples with counting errors >40% were considered to be below limits of determination. Radioactivities are reported in units of disintegrations per minute (dpm) per gram of sediment. One dpm is equivalent to 1/60 becquerels (Bq, equivalent to disintegrations per second). . Magnetite saturates below 0.3 T, so that IRM at 0.3 T (herein designated IRM) is an appropriate measure of the amount of magnetite. The difference in IRM between 0.3 and 1.2 T is caused largely by hematite and is conventionally expressed as ''hard'' IRM or HIRM ((IRM 1.2 -IRM 0.3 )/2). The ratio, IRM 0.3 /IRM 1.2 , called the S parameter, is a measure of the relative proportion of magnetite to all oxides, including hematite. High S values indicate large amounts of magnetite relative to hematite (a maximum value of 1) and decreasing values indicate increasing amounts of hematite. Information about the domain state of magnetite (magnetic grain size) may be obtained from the magnitude of anhysteretic remanent magnetization (ARM) normalized by magnetite content from MS. ARM was imparted in a direct current induction of 0.1 mT in the presence of a decaying alternating induction from 100 to 0 mT. The ratio ARM/MS increases as magnetic grain size decreases and is particularly sensitive to single domain (SD) and small pseudo-single domain (PSD) grain sizes. (Fig. 3a) . Sediment collection rates were not significantly different in Trap SC but were slightly more variable (1s ¼ 49 g m À2 day À1 ). The proportion of fine sediment collected in time-series traps increased with the exception of material collected on July 13. Material in Trap W had an average composition of 85 AE 8 wt% fines while that in Trap SC was slightly coarser, 82 AE 7 wt% fines (Fig. 3b) . Fine sediment in Trap W averaged 16 AE 4 wt% CaCO 3 and 3.7 AE 0.3 wt% TOC, while fines in Trap SC had almost 2-fold higher CaCO 3 , 31 AE wt 3%, with less organic C, 2.4 AE 0.3 wt% TOC (Figs. 3c,d ). Material collected in Trap W just prior to the August flood had a high proportion of magnetite relative to hematite (S ¼ 0.964), and the magnetite had relatively small domain sizes (ARM/MS >500 A m À1 ) ( Table 2) . Al-normalized Ba values were the same in Traps W and SC prior to the flood and varied little, averaging 8.5 AE 0.3 Â 10 À5 (Fig. 3e) . Al-normalized Co values were also similar in both traps, averaging 6.2 AE 0.4 Â 10 À5 , but decreased slightly through early August (Fig. 3f) , ten times higher than the preflood average. Bulk sediment in the uppermost 15 cm of bottle 14W contained only 0.2 wt% CaCO 3 (Fig. 3d) , an indication that this layer was almost entirely terrigenous. This material will henceforth be referred to as 'flood sediment'. Flood sediment had a higher percentage of fines, 95% wt, and TOC, 4.3 wt%, than pre-flood trapped material (Figs. 3b,c) . Concentrations of magnetite (MS, IRM) and hematite (HIRM) increased during the flood (Table 2) . Increases in magnetite corresponded approximately with decreased dilution of terrigenous material during the flood, but the >50% increase in flood sediment HIRM apparently represented additional hematite in flood sediment. The differing degrees of Feoxide changes are consistent with the slight decrease in the S parameter. The 18% decrease in ARM/MS in flood sediment compared with pre-flood sediment represents a slight increase in magnetic grain (domain) size that could represent a change in sediment provenance or a temporary increase in energy available to transport relatively high-density minerals. Al-normalized Ba and Co values in flood sediment were 86 and 32% higher, respectively, than in pre-flood sediment (Figs. 3e,f) . Metals associated with anthropogenic activities were elevated in flood sediment: Cu (292 ppm), Ni (454 ppm), Zn (206 ppm), and Pb (38 ppm), and were probably derived from non-point source stormwater runoff from roads bordering the river and the town of Hanalei. Cu and Ni concentrations exceeded levels where adverse biological impacts frequently occur (Long and Morgan, 1990 ). Sediment quality standards apply to bulk sediment (all grain sizes), whereas Hanalei sedimentary trace metals were measured in the fine fraction. Even allowing for dilution by larger particles, however, flood sediment Cu and Ni levels would still have exceeded levels of concern because the fine fraction comprised 95% of bulk material. Activities of , respectively, and 210 Pb activity decreased to 10.6 dpm g À1 (Fig. 4a) Sediment collection rates in Trap SC did not increase at the time of the flood (Fig. 3a) ; however, carbonate content decreased to 17% during the flood and remained at lower values thereafter (Fig. 3d) . The average fine fraction and TOC composition of material collected in August were higher than in June and July (Figs. 3b,c) . These findings suggest that less resuspended carbonate sediment accumulated in Trap SC during and after the flood. There was a modest but statistically significant 13% increase in Al-normalized Ba values in Trap SC during and 1 week after the flood (Fig. 3e) . Following the flood, 7 Be and 137 Cs activities and fluxes of material in Trap SC were higher and more variable than in preceding months (Figs. 4b,d ). In contrast, 210 Pb fluxes were generally lower and less variable than in June and July while 210 Pb activities of material collected in Trap SC were higher (Figs. 4b,d ). Sediment in Trap SC had the highest 210 Pb activities among Hanalei Bay and the lower watershed. Magnetic parameters were not measured on Trap SC material.
Radioisotope analyses

Magnetic properties
Spatial variations of sediment characteristics in tube traps
Many sediment properties varied as a function of distance from the river mouth. Percent fines and TOC generally decreased (Fig. 5a ), whereas the carbonate content of bulk and fine sediment increased with distance from the river (Fig. 5b) . At the site least influenced by the Hanalei River (OR-T), trapped sediment was 88.7 wt% sand-sized carbonate; non-calcareous fine sediment only accounted for 1.5 wt% of the bulk material. Absolute concentrations of Ba and Co (Fig. 5c) and Al (not shown) decreased away from the river, consistent with their terrestrial origin. Al-normalized Ba values were on average 26% higher in traps near the river mouth than further away, but Al-normalized Co values did not vary (Fig. 5d) . Like other terrigenous tracers, absolute concentration of magnetite and hematite (IRM and HIRM, respectively) and magnetic susceptibility (MS) decreased with distance from the Hanalei River (Fig. 5e) . Magnetic domain size (ARM/MS) differed little ( Fig. 5f ) with much smaller variations than found in historical sediment deposits in the Black Hole in Hanalei Bay (ARM/MS between 237 and 598; Draut et al., 2009 ). The abundance of magnetite relative to hematite (S) also varied little with distance from the river (Fig. 5f ). There were no clear spatial patterns among radioisotope fluxes measured in tube traps (Figs. 5g,h ). Radioisotope fluxes and mass accumulation rates in tube traps were significantly higher than in time-series traps because tube trap openings were closer to the seafloor where the suspended particle concentration due to resuspension is greatest. The 7 Be/ 210 Pb ratio decreased with distance from Hanalei River (Fig. 5h) . 
Terrestrial soil and sediment characteristics
Soil from a hillside roadcut (M12) was enriched in quartz and elements associated with aeolian inputs (Zieman et al., 1995) compared to average Hanalei soil (averages calculated from M1 to M11, M15, M16): Al (30% higher), K (2-fold higher), Ti and V (3-fold higher), As (7-fold higher) and Th (10-fold higher). Based on Th contents over five times higher than average Hanalei soil, soil at M13 and M14, collected near the roadcut, appear to have mixed with aeolian material. Samples M12-M14 will be excluded from further discussion due to apparent allochthonous influences on their chemical compositions.
Although grain size distributions were not measured in all upland samples, values from select samples give a general idea of variations among depositional environments. There was a downstream decrease in sediment grain size distribution. Sediment grain size was coarsest in upland streambanks (38 AE 9% fines; measured in M3, M6, M7), intermediate in floodplain streambanks and grassland (65 AE 3% fines; measured in M9A, M16) and finest in cultivated taro fields (83 AE 10% fines; measured in M1A, M2, M11) and river suspended sediment (86% fines; measured in RSS). The sand, silt, and clay composition of RSS was nearly identical to that of material deposited August 4-7 in sediment trap bottle-14W offshore of the river mouth.
Magnetic grain size was finest in RSS and coarser in terrestrial soil and sediment deposits (Fig. 6a) . The magnetic grain size of flood sediment, ARM/MS ¼ 465 A m
À1
, most closely resembled that in cultivated fields at sites M1, M2, M10, and M11, and in a floodplain riverbank (M15). However, it is not possible to distinguish from magnetic grain size alone whether an initially-coarser magnetic assemblage from further upstream was sorted while in transport to the nearshore sediment trap. Magnetic grain size increased slightly between pre-flood and flood sediment, perhaps reflecting higher hydraulic energy during the flood. The relative proportion of magnetite to hematite in RSS and flood sediment was intermediate (S ¼ 0.95) among those of terrestrial environments (0.92 > S > 0.99) excluding upland forest soil (M8), which had a distinctly lower magnetite concentration and S of about 0.85 (Fig. 6a) be expected to contain basaltic rock fragments in which magnetite has been protected from oxidation. These conditions would favor both the observed relatively high S values and low ARM/MS values. Al-normalized Ba and Co values plotted as a function of Alnormalized Th show that similar sedimentary environments generally cluster near each other along the Th/Al axis (Figs. 6b,c) . The Ba/Al value of RSS was higher than those of all but one terrestrial environment, resembling most closely that of cultivated field M1 and upland riverbank M7. The Ba/Al ratio of flood sediment was lower than all terrestrial soil or sediment except upland forest soil. The Co/Al ratios of RSS and flood sediment were indistinguishable within the analytical uncertainty. Cultivated fields M2, M10, and M11 had Al-normalized Co values that were the most similar to RSS and flood sediment. The remaining terrestrial environments had higher Co/Al values than RSS and flood sediment, except the upland forest.
Ratios of 7 Be/ 210 Pb, as well as their specific activities, were higher in RSS and flood sediment than in any sampled terrestrial environment (Fig. 6d) 210 Pb ratios (M4, M7), reflecting the isolation of subsurface soil from atmospheric-fallout. Sediment trapped offshore of the river mouth in June and July (pre-flood) had a significantly lower 137 Cs activity than flood sediment, and was in the lower end of the range of terrestrial soil or sediment.
Discussion
Nearshore sediment end member compositions and mixing relations
There are two types of sediment in Hanalei Bay: sand-sized and finer particles derived from calcium carbonate secreted by marine organisms and terrestrial soil weathered from basalt (Kennedy et al., 1998; Chadwick et al., 2003) containing small amounts of organic matter. Trapped sediment was a mixture of these end members. Sample processing protocols did not allow extraction of the carbonate fraction, so the best approximation of the geochemical properties of this end member comes from pre-flood material collected in the sediment trap outside of Hanalei Bay away from terrestrial inputs. The bulk material was composed of 91% sand-sized particles, had TOC ¼ 0.7%, near-zero 7 Be and 137 Cs activities, and 210 Pb w5 dpm g
À1
. Such low 7 Be and 137 Cs activities are consistent with coarse-grained material eroded from a submerged reef. Although radioisotopic activities were low, the mass accumulation rate in the sediment trap outside the bay was extremely high (five to 22 times higher than in traps inside the bay), resulting in high 7
Be and 210 Pb fluxes over the study period.
Linear regressions of radioisotope activities against carbonate content of the fine fraction in sediment traps show mixing relations between terrestrial and carbonate end members (Fig. 7) . Sediment collected near the mouth of Hanalei River was a mixture of 7 Beenriched terrestrial sediment (CaCO 3 w0%) and 7 Be-depleted carbonate sediment (Fig. 7a) . This relation did not hold for Cs to Hanalei Bay. 210 Pb activities of material collected near the river mouth were lowest in terrestrial sediment and increased with carbonate content (Fig. 7c) , respectively (Cochran et al., 1990; Liu et al., 2001; Koch et al., 1996) . There may have been minor contributions from surface water runoff from Hanalei watershed, but these inputs were probably a small percentage of the atmospheric flux (1 and 5%, respectively) based on work in other watersheds (Baskaran and Santschi, 1993; Olsen et al., 1989) . In situ production of 210 Pb within
Hanalei Bay from the decay of dissolved 226 Ra was assumed to be negligible due to the shallow water column (average depth 10 m). Dissolved
210
Pb and 7 Be concentrations are generally higher in the open ocean than at the coast because particle concentrations are lower (Bruland et al., 1974; Nozaki et al., 1976; Olsen et al., 1989) . When oceanic water is advected to the coast and encounters high suspended particle concentrations, 210 Pb and 7 Be readily adsorb to particles due to their high particle affinities (Krishnaswami et al., 1973; Thomson and Turekian, 1976; Carpenter et al., 1981; Moore et al., 1981; Olsen et al., 1986; Olsen et al., 1989; Cochran et al., 1990) . Bottom sediment resuspension by waves and currents in shallow coastal areas results in additional 210 Pb and 7 Be scavenging onto resuspended particles (Olsen et al., 1989; Baskaran and Santschi, 1993; Jweda et al., 2008) . (Feichter et al., 1991) .
A key observation is that the combined estimated atmospheric and the oceanic fluxes of these two isotopes can account for only about 7% of the 210 Pb and 32% of the 7 Be average fluxes on an area basis measured in the Hanalei Bay time-series sediment traps during non-flood periods of summer 2006 (Figs. 4c,d) . The large balance of isotope flux measured in the traps is interpreted as evidence of both frequent sediment resuspension and scavenging of the isotopes by suspended particles. During the 3 months study period alone there were 11 events (river mouth) and 15 events (south-central bay) when bottom shear stresses were strong enough to resuspend seafloor sediment Storlazzi et al., 2009) . This scavenging process is important because it influences the fate of any particle-reactive contaminant added to the coastal ocean from the land, atmosphere, or the marine realm. Examples of contaminants include heavy metals, polycyclic aromatic hydrocarbons, and legacy chemicals such as DDT and PCBs (Olsen et al., 1982) . Such particle-pollutant affinities indicate that as sediment-loading from the watershed increases, contaminant exposure to reef communities could increase, particularly to filterfeeding organisms like coral.
Salinity-dependent desorption of trace elements
Ba delivered to estuaries and coasts is primarily adsorbed onto river suspended particles rather than in mineral lattices (Martin and Meybeck, 1979) . In terrestrial and fluvial sediment, Al-normalized Ba values should reflect source rock composition because it is strongly adsorbed to clays. When fluvial particles encounter higherionic strength seawater mixtures, however, Ba is displaced from particulate binding sites and Ba/Al ratios of river particles decrease while dissolved Ba concentrations increase (Edmond et al., 1978; Coffey et al., 1997) . The Hanalei River, with an annual average discharge of 3.8 m 3 s
À1
, is a low-flow river, and under these conditions Ba likely desorbs at intermediate salinity, 5-15 (salinity reported using the Practical Salinity Scale; Coffey et al., 1997) . When discharge increases during floods, the low-salinity region expands across the coastal zone and Ba may desorb at lower salinity, typically less than 5 (Coffey et al., 1997) . Ba-desorption under low-flow conditions in June and July 2006 could explain why Ba/Al ratios of nearshore trapped sediment were lower than all watershed soil or sediment values except in the upland forest. A lesser degree of Badesorption under flood conditions is consistent with the Ba peak in flood sediment. Thus, although there is a prominent flood signal in sediment trap Ba/Al ratios, Ba-desorption in the coastal ocean appears to preclude its utilization as a quantitative geochemical fingerprinting tool in nearshore environments.
In contrast to Ba, Co does not appear to have desorbed from river particles during freshwater-seawater mixing. Almost half of the Co transported in rivers to the coastal ocean is a crystalline phase and Co is not affected by ion-exchange in the estuarine mixing zone (Gibbs, 1977; Martin and Meybeck, 1979) . The similarity of Co/Al values in RSS and flood sediment and the similarity of average Co/Al ratios in all five tube traps are evidence that Co concentrations are not salinity-dependent. In the absence of alteration during transport, Al-normalized Co values in sediment trapped in Hanalei Bay reflect those of terrestrial sources.
Sources of terrigenous sediment
When compared to Hawaiian basalt, the composition of terrestrial soil and sediment in the Hanalei watershed are generally intermediate between trace element-depleted tholeiitic basalt that forms the bulk of Kauai, and alkali basalt (Fig. 8 ) that is present in the eastern wall of Hanalei valley (Feigenson, 1984; Clague and Dalrymple, 1988; Reiners and Nelson, 1998) . Two watershed sites, a taro field (M1) and an upland streambank (M7), have higher Co concentrations than the alkali basalts analyzed by Reiners and Nelson (1998) , and fall close to a mixing line between tholeiitic basalt and the two Co-enriched alkali basalts (Fig. 8) , suggesting that a Co-enriched alkali basalt end member remains to be identified. Two other types of basalt, basanite (''B'' in Fig. 8 ) and nephelinite (''N'' in Fig. 8 ) that outcrop near Hanalei watershed are shown for comparison, but did not appear to be parent rocks of Hanalei soil based on their high Ba/Al ratios. The Ba and Co composition of forest soil (M8) was very similar to that of the tholeiitic basalt end member. This compositional similarity indicates a lack of mixing with sediment transported by the Hanalei River and perhaps explains why forest soil has distinct trace element and magnetic characteristics compared to other terrestrial environments.
In combination, Al-normalized Co, 7 Be/ 210 Pb ratios, and magnetic grain size of flood sediment point to runoff from cultivated fields as the most likely source of sediment during moderate flood conditions in August. It is important to note, however, that our limited sampling along the river and valley allows for the possibility that there were other source regions in the watershed. Erosion of agricultural soil could have a greater impact on nearshore biotic communities than erosion of other sedimentary deposits because agricultural runoff is typically associated with elevated levels of contaminants such as nitrogen-based fertilizers and pesticides (FAO, 2003; Orazio et al., 2007) . This is the case for Hanalei taro fields, which are fertilized at the end of summer. Stormwater runoff from roads bordering the river and the town of Hanalei probably contributed to elevated heavy metals in flood sediment. The sediment and contaminants delivered to Hanalei Bay may pose a greater threat to nearshore organisms in summer than in winter because calm summer oceanic conditions result in longer exposure times ). Radioisotope activities show that, in the absence of storms, suspended sediment in the Hanalei River may be mobilized from different regions of the watershed. Soil 7 Be activity increases with precipitation and thus elevation (Wallbrink and Murray, 1996; Whiting et al., 2005) . The 14-fold higher 7 Be activity of river suspended sediment collected in September compared to lower watershed soil indicates that this sediment originated higher in the watershed where orographic precipitation is frequent. Since 7 Be activities are highest in the surficial layer and attenuate to zero below a few cm in undisturbed soil, sediment with high 7 Be activity must have been mobilized by overland flow. The relatively low 137 Cs and 7 Be activities of nearshore trapped sediment during June and July suggests that riverbank undercutting was another mechanism by which suspended sediment was supplied to the Hanalei River in dry periods (Hill et al., 1998) . Relatively low pre-flood Co values (Figs. 3f and 8) further suggest that sediment runoff during June and July originated in soil weathered from tholeiitic basalt on the western slopes of Hanalei Valley.
Conclusions
Geochemical tracers in nearshore trapped sediment reflect the combined influences of terrestrial sediment composition and nearshore processes. Ba associated with land-derived sediment was affected by desorption during freshwater-seawater mixing and so was a qualitative rather than quantitative indicator of flood sediment deposition in the nearshore. appeared to be conserved over the short time and distance scales of transport from the Hanalei river mouth to nearshore sediment traps. In terrestrial soil and sediment, concentration-independent (grain size independent) properties: normalized trace element ratios,
7
Be/ 210 Pb ratios, magnetic domain size and relative magnetite-hematite concentrations, should reflect sediment provenance. A multi-tracer fingerprint indicates that at least some terrestrial runoff during a moderate flood on the Hanalei River in August 2006 came from farmland used for taro cultivation along the lower reach of the river. It is possible that there were other watershed sources of storm runoff that were not characterized because our sampling effort was limited to the lower watershed. Non-point source stormwater runoff from roads probably contributed to elevated Ni, Cu, Zn, and Pb in flood sediment. Sediment and contaminant runoff to Hanalei Bay during summer floods may pose a greater threat to coral reef communities than in winter because sediment may persist for several months. During dry periods, the regions of the watershed supplying sediment to the Hanalei River varied. In June 
